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RESEARCH MEMORANDUM 

LONGITUDINAL AERODYNAMIC CHARACTERISTICS TO LARGE 
ANGLES OF ATTACK OF A CRUCIFORM MISSILE 
CONFIGURATION AT A MACH NUMBER OF 2 
By J. Richard Spahr 

SUMMARY 


The lift, pitching-moment, and drag characteristics of a missile 
configuration having a body of fineness ratio 9*33 and a cruciform tri- 
angular wing and tail of aspect ratio 4 were measured at a Mach number 
of 1-99 a nh a Reynolds number of 6.0 million, based on the body length. 

The tests were performed through an angle -of -attack range of -5° to 28° 
to investigate the effects on the aerodynamic characteristics of roll 
angle, wing-tail interdigitation, wing deflection, and interference among 
the components (body, wing, and tail). Theoretical lift and moment 
characteristics of the configuration and its components were calculated 
by the use of existing theoretical methods which have been modified for 
application to high angles of attack, and these characteristics are com- 
pared with experiment. 

The lift and drag characteristics of all combinations of the body, 
wing, and tail were independent of roll angle throughout the angle -of - 
attack range. The pitching-moment characteristics of the body -wing and 
body -wing-tail combinations , however, were influenced significantly by 
the roll angle at large angles of attack (greater than 10°). A roll from 
0° (one pair of wing panels horizontal) to 45° caused a forward shift in 
the center of pressure which was of the same magnitude for both of these 
combinations, indicating that this shift originated from body -wing inter- 
ference effects. 

A favorable lift-interference effect (lift of the combination greater 
than the sum of the lifts of the components ) and a rearward shift in the 
center of pressure from a position corresponding to that for the compo- 
nents occurred at small angles of attack when the body was combined with 
either the exposed wing or tail surfaces. These lift and center-of- 
pressure interference effects were gradually reduced to zero as the angle 
of attack was increased to large values. The effect of wing-tail inter- 
ference, which influenced primarily the pitching-moment characteristics, 
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is dependent on the distance between the wing trailing vortex wake and 
the tail surfaces and thus was a function of angle of attack, angle of 
roll, and wing-tail interdigitation. Although the configuration at zero 
roll with the wing and tail in line exhibited the least center-of -pressure 
travel, the configuration with the wing and tail interdigitated had the 
least change in wing-tail interference over the angle-of -attack range. 

The lift effectiveness of the variable-incidence wing was reduced 
by more than 70 percent as a result of an increase in the combined angle 
of attack and wing incidence from 0° to 40°. The wing-tail interference 
(effective downwash at the tail) due to wing deflection was nearly zero 
as a result of a region of negative vorticity shed from the inboard 
portion of the wing. 

The lift characteristics of the configuration and its components 
were satisfactorily predicted by the calculated results, but the pitch- 
ing moments at large angles of attack were not because of the influence 
of factors for which no adequate theory is available, such as the vari- 
ation of the crossflow drag coefficient along the body and the effect of 
the wing downwash field on the afterbody loading. 


INTRODUCTION 


The target -pursuit maneuvers or programmed trajectory of guided 
missiles frequently require flight at large angles of attack (of the 
order of 30°), particularly at high altitudes. Limited experimental 
information at supersonic speeds indicates that the aerodynamic character- 
istics of missile configurations at such angles can be significantly 
different from those at small angles and that existing theoretical methods 
(based on small angle -of -attack considerations) can be inadequate for the 
prediction of these characteristics. These methods have been shown in 
references 1 and 2 to predict satisfactorily the lift and pitching- 
moment characteristics of a wide variety of body-wing-tail combinations 
at small and moderate angles of attack (0° to 20°), despite the neglect 
of the following high angle -of -at tack effects: 

1. Reduction in lift-curve slope of the wing with increasing angle 
of attack (ref. 3), an effect accounted for in the method of reference 2 
by use of the experimental lift curve of the wing instead of linear theory 
as a basis for the calculations. 

2. Effect of viscous crossflow on the wing and body loading (refs. 

4 to 6) . 

3- Change in the wing spanwise load distribution (refs. 7 and 8) 
and in the character of the trailing vortex wake (ref. 9) with increasing 
angle of attack. 
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4. The destabilizing effect of roll on a cruciform wing-body com- 
bination at large angles of attack (ref. 10). 

In order to obtain information on the importance of these high 
angle-of -attack effects, a wind-tunnel investigation was performed of 
the longitudinal characteristics of a representative supersonic missile 
configuration and various combinations of its components. The purpose 
of the investigation was to isolate the factors contributing to the lift, 
stability, and control characteristics of the complete configuration 
through a comparison of the experimental results with theoretical results 
for which as many as possible of the high angle -of -attack effects are 
taken into account. This investigation is part of a coordinated experi- 
mental and theoretical research program to study the aerodynamic charac- 
teristics of wings, bodies, and combinations at high angles of attack and 
to develop methods for predicting these characteristics. The completed 
portions of this research program are reported in references 4, 6, 8, 

9, 11, and 12. 


NOTATION 
Primary Symbols 


All forces and moments are referred to the system of axes shown in 
figure 1. 


AC D 

Cc min 

CL 

ac l 

Cm 


AC, 

c 

D 

L 


m 


drag coefficient, 


D 

qS 


rise in drag coefficient above minimum, Cp - Cp ^ 

minimum drag coefficient 

lift coefficient, -%■ 

’ qS 

change in lift coefficient due to wing deflection, & 

pitching -moment coefficient about the 0.5^ point, 
moment ^ (See fig# 2(a) .) 

qb L 

change in pitching-moment coefficient due to wing deflection, 6 
local wing chord, in. 
total drag - base drag, lb 
lift, lb 


k 
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l body length, in. (See fig. 2(a).) 

q free-stream dynamic pressure, lb/sq in. 


s wing semi span, in. 


S 

x,y,z 

Xl 

x 

y v 

a 


body frontal area, sq in. 

body axis system in which the x-z plane remains vertical' 
(unrolled) as the model is rolled (See fig. 1.) 

longitudinal axis with origin at body apex (x + 0.5 l) 

longitudinal distance from moment reference point (0.5 l) to 

^ „ pitching moment 

center of pressure, - 7— , in. 

normal force 

lateral position of wing vortex, in. 
angle of attack of body, deg (See fig. 1.) 


8 wing deflection about hinge line, positive when leading edge 

up, deg (See fig. 2(a).) 

cp angle of roll in the y-z plane, deg (See fig. 1.) 


Subscripts 


B body 

BT body-tail combination 

BW body-wing combination 

BWT body -wing-tail combination 

opt condition of maximum lift-drag ratio 

T exposed tail surfaces 

W exposed wing surfaces 
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APPARATUS 

Wind Tunnel and Instrumentation 


The Ames 1- by 3-foot supersonic wind tunnel No. 1, in which the 
investigation was conducted, is a closed-circuit continuous -operation 
wind tunnel having independently variable Mach number and Reynolds number. 

The forces and moments on the model were measured by means of a 
three-component strain-gage balance which is illustrated in figure 3. 

The balance is mounted on a quadrant-type support having its center of 
rotation coincident with the center of the test section, thereby pro- 
viding an angle-of-attack range of about 36° with a minimum translation 
of the model in the test section. The model vortex wake was observed by 
means of the vapor-screen flow-visualization apparatus which is described 
in reference 9* 


Models and Supports 


The model tested in the investigation consisted of a cruciform 
wing-body-tail combination, the dimensional characteristics of which are 
presented in figure 2(a) and table I. The wing and tail panels were 
removable to permit testing the model as a body, body-wing combination, 
body-tail combination, or body -wing-tail combination. The horizontal 
wing panels were provided with variable incidence of ±16°, designated 
wing deflection 6 throughout the report. The tail panels could be 
rotated about the body axis from a position in line with the wing panels 
to one interdigitated 45° and the body could be rotated 22-l/2°, 45°, or 
90° about its axis. The two horizontal wing panels, having variable 
incidence, incorporated a small gap at the body juncture. All models 
were constructed of steel. 

The model was supported from the rear by a shrouded sting (fig. 2(b)) 
having its axis inclined in the vertical plane 7° to the balance axis for 
the purpose of increasing the maximum positive angle-of-attack setting 
from l8° to 25°. 

A planar wing having the same plan form and airfoil section as the 
wing and tail panels on the body-wing-tail combination was provided to 
obtain wing alone and tail alone characteristics. This model was sup- 
ported from the rear by a thin triangular vertical-fin type of support 
designed to minimize the effect on the wing aerodynamic forces. 
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TESTS AND RESULTS 


All of the tests of the investigation were performed at a Mach 
number of 1.99* at a Reynolds number of 6.0 million, based on the body 
length, and through an angle-of -attack range of approximately -6° to 28 °. 
Lift, drag, and pitching -moment measurements were made through this range 
for each of the configurations and roll angles listed in table II (a) with 
the horizontal wing fixed at zero incidence. These measurements were 
also obtained at zero roll angle for the body-wing and body-wing-tail 
combinations for which the wing deflection was set at angles of 5°> 8°, 
12°, and l6°. 

The results of these measurements in terms of both basic (Cp, Cm, 
and Cp ) and derived (x/Z, ACp/Cp 2 , and l/d) quantities are presented in 
figures 4 to l6 for the complete model and its components. The corre- 
sponding results calculated by the theoretical methods described in the 
Appendix are also shown on a number of these figures for purposes of 
direct comparison. For the complete configuration (fig. 4), two calcu- 
lated pitching -moment curves are presented for each case, one extending 
over the lower angle -of -attack range (0° to l6°) and based upon the 
linear-theory wing spanwise load distribution, and the other one extending 
over the upper angle -of-attack range (12° to 28°) and based upon a tri- 
angular spanwise load distribution. Both the experimental and calculated 
results are summarized for two extreme angles of attack (0° and 26 °) in 
table II. 


The precision of the final results calculated from these measurements 
has been estimated from the square root of the sum of the squares of the 
uncertainty in each of the measured quantities. The following table lists 
the estimated error in the results, expressed in aerodynamic-coefficient 
form, and in the independent variables: 


Quantity 

Estimated error 

P 

ll 

o 

o 

a = 25 ° 

cl 

±0.05 

±0.10 

Cm 

±.002 

±.006 

CD 

±.01 

±.04 

M 

±0.02 

a 

±.10° 

Cp 

±.20° 

5 

+ .10 


Vapor-screen photographs were taken of the flow at the tail-plane 
location for the body-wing combination at various angles of attack. 



MCA RM A54H27 


7 


angles of roll, and wing deflections. Figure 17 presents photographs 
at a large angle of attack for three roll angles, and figure 18 shows 
photographs of the flow with the wing deflected. 


DISCUSSION 


The results for the complete configuration (body-wing-tail combi- 
nation) will be discussed first. In this discussion, the significant 
effects of the independent variables (angle of attack, angle of roll, 
and wing deflection) on the longitudinal characteristics will be con- 
sidered, and the experimental results will be compared with the values 
computed by the theoretical methods described in the Appendix. The 
results for the configuration components (body, wing, and tail) and the 
body-wing and body-tail combinations will then be discussed in order to 
isolate the principal factors contributing to these characteristics of 
the complete combination and to determine the effect of the independent 
variables on body-wing, body-tail, and wing- tail interference. 


Body-Wing-Tail Combination 


Effect of roll angle .- The influence of increasing the roll angle 
from 0° (one pair of wings horizontal) on the longitudinal characteristics 
is shown in figure 4 and summarized in table Il(a). It is observed that 
the lift and drag coefficients and thus the lift-drag ratio and drag-rise 
factor ACd/Cl 2 are essentially independent of both the roll angle and 
rotational* orientation of the tail surfaces relative to the wing surfaces. 
It is noteworthy that the drag-rise factor increases only slightly through 
the angle -of -attack range. The variation of pitching-moment coefficient 
Cm and center -of -pres sure position x with angle of attack a are 
influenced significantly by both the roll angle and wing-tail orientation. 
At angles of attack above about 10° a change in the roll angle from 0° 
to 45° reduces the static stability in a similar manner for both wing- 
tail positions. At angles of attack near the maximum tested, this reduc- 
tion corresponds to a forward shift in the center of pressure of about 
4 percent of the body length (28 percent of the wing mean aerodynamic 
chord) for a change in roll angle of 45°, as shown in figure 4(a) and 
table II. 

The influence of roll on the pitching-moment characteristics is 
believed to be caused primarily by the change in loading on the after- 
body (portion of body between the wing and tail), due to the wing down- 
wash field as the model roll angle is varied. The results of reference 10 
have shown that this effect of roll on a wing-body combination is com- 
pletely eliminated by the removal of the afterbody. 
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The calculated lift curves (fig. M a )) are in close agreement with 
the experimental curves for all roll angles and both tail positions for 
angles of attack up to about l8°. Above this angle the lift is over- 
estimated but by less than 10 percent. This small difference is believed 
to be due primarily to the theoretical assumption of a constant crossflow 
drag coefficient along the unwinged portions of the body; whereas the 
experimental results of references 5, 6, and 12 have shown that the cross- 
flow drag coefficient varies along the length of a body in a manner 
similar to that for a body starting impulsively from rest. From the 
experimental results of reference 12, the ratio of the actual crossflow 
drag coefficient to the assumed (steady-state) value would be expected 
to vary along the body in a manner similar to the distribution shown in 
sketch (a). The distribution along the afterbody, however, has not been 



established quantitatively and is based primarily on conjecture. Thus, 
it was not considered justified to incorporate in the present calculations 
the variations shown in sketch (a). The crossflow drag coefficient along 
those portions of the body occupied by the wing and tail is assumed to be 
zero, since the normal force on the wing-body and tail-body combinations 
is accounted for by another method, as described in the Appendix. 

In order to show the effects of some of the flow components and 
theoretical assumptions on the calculated lift and moment characteristics, 
figure 5 has been prepared. The curves designated "total" refer to the 
complete body -wing-tail combination and, unless otherwise specified, 
include the trigonometric factor sin a cos a in the calculation of the 
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lift of the wing and tail surfaces (see Appendix). The first of these 
curves (total, y v /s = 0.60) was used in figure 4(a) for angles of attack 
from 12° to 28° and the second (total, y v /s = 0.74) was used for angles 
from 0° to 16°. 

Calculations have shown that the variation in the crossflow drag 
coefficient of sketch (a) is of the right order of magnitude to account 
for the difference between the experimental and calculated total lift 
previously discussed. Figure 5 shows that for the complete configuration, 
the use of the trigonometric factor reduced the difference between the 
experimental and calculated lift results at large angles of attack. It 
is also noted from figure 5 that the influence of the assumed vortex 
position y v /s, which is determined by the wing spanwise load distribu- 
tion, on the lift is negligible since this effect would be expected to 
be confined largely to the lift of the tail surfaces and thus contribute 
little to the total lift. 

A comparison of the pitching-moment characteristics of figure 4 
shows that at zero roll angle, the pitching moments are underestimated 
by the theoretical method throughout the angle-of -attack range for both 
wing-tail orientations. It is apparent that the predicted pitching 
moments would be more negative if the distribution of crossflow drag 
coefficient shown in sketch (a) were used instead of a constant value. 
Figure 5 shows that the contribution of the two portions of the body to 
the pitching moments is large. Supplementary calculations have shown 
that the variation in the crossflow drag coefficient of sketch (a) is of 
the proper magnitude to account for the discrepancies between the exper- 
imental and calculated moment results. Figure 5 also indicates that the 
trigonometric factor has only a small effect on the moments and that the 
lateral vortex spacing y v /s affects the contribution of wing-tail inter- 
ference to the pitching moments primarily at sma ll angles of attack, as 
would be expected. 

Wing-control characteristics .- The effects of wing deflection on the 
longitudinal characteristics of the body-wing-tail combination are shown 
in figures 6 and 7 and are summarized in table Il(b). It is observed 
that, as in the case of the rolled model (fig. 4), the lift and drag 
characteristics are little affected by the wing-tail orientation (inline 
or interdigitated) , whereas the moment characteristics are altered some- 
what by a change in tail position. Figures 6(a) and 7 show that the rate 
of change in lift coefficient with either angle of attack or wing deflec- 
tion diminishes as either of these variables increases . It is noted, for 
example, from table Il(b) that the lift-effectiveness parameter AC^/S 
at small wing deflections (5 — >0°) decreases to less than half its initial 
value as the angle of attack is increased from 0° to 26°; and, at a wing 
deflection of l6°, AC p/S is reduced to about one third its initial value 
by this increase in angle of attack. Reductions in the lift would be 
expected, particularly at large combined wing angles (a + 5), as previous 
experimental investigations (e.g., ref. 3) have shown that the lift of 
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wings at supersonic speeds reaches a maximum at angles near 45° • The 
curves of figures 6(a) and 7 show that the pitching moment is only 
slightly affected by wing deflections at zero angle of attack; whereas 
at positive angles of attack sizable nonlinear effects of both angle of 
attack and positive wing deflection are evident for both wing-tail con- 
ditions . It is also noted that the intensity of the nonlinear variation 
with angle of attack (fig. 6(a)) increases as the wing deflection is 
increased. These pitching-moment characteristics are primarily due to 
wing-tail interference effects since they are not present when the tail 
surfaces are removed, as will be discussed later. These interference 
effects occur only when the angle of attack and wing deflection are of 
the same sign since it is for this case that the wing wake passes over 
the tail surfaces, the condition of maximum interference. The intensity 
of these effects increases with wing deflection because of the increasing 
strength of the vorticity in the wake. 

The differences between the calculated and experimental lift results 
(figs. 6(a) and 7) are believed to be caused primarily by the theoretical 
assumption of a constant crossflow drag coefficient along the body, as 
pointed out in the preceding section. Calculated pitching-moment results 
are not presented in figures 6(a) and 7 because of the change in the span- 
wise load distribution due to wing incidence which influences the wing- 
tail interference but cannot be adequately predicted by existing methods. 
As pointed out in reference 1, the loading near the juncture of large- 
aspect-ratio wings is less than the maximum loading. This apparently 
has a large effect on the pitching moments but only a secondary effect 
on the lift. 


Body 


The results for the isolated body are presented in figure 8 and 
summarized in table Il(a). It is noted that the lift increases with 
angle of attack in a manner characteristic of a body of revolution having 
both potential and viscous -separation crossflow and that the calculated 
results accounting for both of these components of the flow are in close 
agreement with the experimental results . The pitching moments , on the 
other hand, are closely predicted only at angles of attack near zero, 
being increasingly overpredicted at larger angles. These comparisons 
between the calculated and experimental lift and moment results are in 
accord with similar comparisons of reference 5* 

The drag results of figure 8(b) show a rapid decrease in the drag- 
rise factor at small angles of attack to an asymptotic value at large 
angles. It is noteworthy that the maximum lift-drag ratio occurs at 
large angles of attack and that the lift -drag ratio at an angle of attack 
of 26 ° is virtually unchanged by the addition of wing or tail surfaces 
(table 11(a)). 
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Wing and. Tail 


The results for the wing and for the tail are presented in figure 9 
and summarized in table Il(a). It is observed that the lift-curve slope 
decreases with increasing angle of attack, as would be expected from the 
fact that the maximum lift of supersonic wings occurs near 45° (ref. 3)> 
and the moment varies such that the center of pressure moves slightly 
rearward. It is noted that the lift and moment results as calculated by 
the modified linear-theory method (see Appendix) are in close agreement 
with the experimental results. The small differences in center-of- 
pressure location between the calculated (x/l = 0 for the wing) and 
experimental results at small angles of attack are probably due to wing- 
profile ( second -order ) effects which were neglected in the theoretical 
method. It is noted that the center of pressure remains essentially con- 
stant throughout the entire angle-of -attack range which might be expected 
from the fact that both linear theory (applicable to small angles of 
attack) and impact theory (applicable to angles approaching 90°) predict 
that the center of pressure of a triangular wing is located at the cen- 
troid of area. 

The drag characteristics (fig 9(b)) show that the drag-rise factor 
ACd/Cl 2 increases with angle of attack, especially at the larger angles, 
resulting in an increase of nearly 50 percent over the angle -of -attack 
range of 0° to 30° • This increase results from the decrease in lift- 
curve slope with increasing angle of attack. If it is assumed that the 
resultant-force vector acts normal to the wing, it can be shown that the 
drag-rise factor is inversely proportional to the factor eos 2 a which 
accounts quantitatively for the experimental increase with angle of 
attack. It is noteworthy that this increase in ACp/Cq, 2 with angle of 
attack for the wing is in contrast to the decrease for the body 
(fig. 8(b)) as previously discussed. 


Body-Wing and Body-Tail Combinations 


Effect of roll angle .- The influence of roll position on the longi- 
tudinal characteristics of the body-wing and body-tail combinations is 
shown in figures 10 and 11, respectively, and in table Il(a). It is 
observed that, as is the case for the body -wing-tail combination (fig. 4), 
discussed previously, the lift and drag characteristics of both the body- 
wing and body-tail combinations are independent of the roll angle; 
whereas, at angles of attack greater than about 10°, the roll angle has 
a pronounced influence on the pitching-moment characteristics of the 
body-wing combination. A similar effect of roll on pitching moment at 
large angles of attack is also shown by unpublished data for a cruciform- 
wing and body combination. The results for the cruciform wing alone, 
however, showed no such effect, indicating that the source of this roll 
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effect lies in the interference fields between the wing and body. These 
data and the results of reference 10 have shown conclusively that the 
effect of roll on pitching moment is due to the change in loading on the 
afterbody. It is noteworthy that the center-of -pressure shift due to 
roll for the body-wing combination is in the same direction and is of the 
same order of magnitude as that previously discussed for the body-wing- 
tail combination. The center-of -pressure travel due to angle of attack 
is noted to be the least for a roll angle of 4-5° in contrast to the 
corresponding center-of-pressure travel for the body-wing-tail combination 
(fig. 4(a)) which is the greatest for this roll angle. 

Figure ll(a) shows that in contrast to the characteristics of the 
body-wing combination, the pitching moment and center-of-pressure position 
for the body-tail combination are independent of roll angle throughout 
the angle-of-attack range. The difference between these two combinations 
in this respect follows from the fact that the body-tail combination 
essentially has no afterbody, and thus the source of the effect of roll 
on the pitching moments is not present. 

The lift curves of both combinations (figs. 10 (a) and 11(a)) calcu- 
lated by the modified linear theory described in the Appendix are in 
close agreement with the experimental curves for all roll angles at 
angles of attack up to about 18 °, above which the results are overesti- 
mated but by less than 10 percent. This comparison is in agreement with 
that for the body -wing-tail combination, indicating that the source of 
the difference between the calculated and experimental results lies in 
the assumption of a constant crossflow drag coefficient along the body, 
as discussed for the body -wing-tail combination. The calculated and 
experimental results for pitching moment, and thus for center-of-pressure 
position, for the body-wing combination (fig. 10(a)) are in close agree- 
ment at angles of attack up to about 12° above which significant differ- 
ences are present, particularly at a roll angle of 0°. Figure ll(a) 
shows that the experimental and calculated pitching-moment results for 
the body-tail combination are in close agreement throughout the angle- 
of-attack range . 

The drag results of figures 10(b) and ll(b) show that the dhag-rise 
factor ZHp/Cp 2 of the body -wing combination increases with angle of 
attack but by a much smaller percentage than that for the isolated wing 
(fig. 9(b)), indicating the influence of the body. The drag-rise factor 
for the body-tail combination, however, is noted to decrease with angle 
of attack, reflecting the predominant influence of the body (see fig. 8(b)). 
The maximum lift-drag ratio for the body-wing combination is considerably 
greater than that for the body-tail combination (see table 11(a)), as 
would be expected, but at angles of attack near the maximum tested, the 
lift-drag ratios of both combinations are essentially the same as that 
for the isolated body.- 
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Wing-control characteristics .- The effects of wing deflection on 
the longitudinal characteristics of the body-wing combination are shown 
in figures 12 and 13 and summarized in table II (b). These effects on 
the lift characteristics are very similar to those for the body-wing- 
tail combination (figs. 6(a) and 7) wherein the rate of change in lift 
coefficient with either angle of attack or wing deflection diminishes as 
either of these variables increases. The pitching-moment curves 
(figs- 12(a) and 13) show only a relatively small influence of wing deflec- 
tion, indicating that the center of pressure of the additional loading 
due to wing deflection is close to the moment reference point (midlength 
point of body) and that this loading location remains nearly constant 
throughout the angle-of -attack range. 

A comparison of the calculated and experimental lift results of 
figures 12(a) and 13 shows close agreement at small angles of attack and 
wing deflections, but at moderate and large angles the estimates are high. 
At the largest angles of attack, however, the incremental lift due to wing 
deflection (fig. 13) is closely predicted. These differences between the 
calculated and experimental lift results are similar to those discussed 
previously for the body -wing-tail combination. The calculated and exper- 
imental pitching-moment results (figs. 12(a) and 13 ) are in reasonably 
close agreement throughout the wing-deflection range for angles of attack 
up to about l4°, above which the moments are overestimated. These differ- 
ences at large angles are believed to be due primarily to the simplifying 
assumption used in calculating the load distribution on the body due to 
viscous crossflow. 


Body-Wing-Tail Interference 


Body -wing and body-tail interference .- The contribution of the inter- 
actions between the pressure fields of the wing or tail surfaces and the 
body to the total aerodynamic forces experienced by a body-wing or body- 
tail combination can be determined from the forces on the isolated com- 
ponents and on the combination. Figures l4 and 15 present the variation 
of lift and center-of -pressure interference parameters with angle of 
attack for the body-wing and body-tail combinations, respectively. The 
lift-interference parameter represents the percent increase in lift of 
the combination over the sum of the lifts of the isolated body and 
exposed wing or tail panels joined together, and the center-of -pressure 
interference factor represents the rearward shift in center of pressure 
caused by combining the body and wing or tail. It is observed that a 
large favorable effect of interference on the lift of the body-wing or 
body-tail combination is present at small angles of attack, which is in 
agreement with the results of reference 13 ; but that as the angle of 
attack is increased, this interference effect approaches or reaches zero. 
Similarly, it is noted that the difference in center-of -pressure position 
due to interference at small angles of attack is reduced to nearly zero 
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as the angle of attack is increased to larger values. It thus appears 
that at large angles of' attack, the lift or center-of -pressure location 
of a wing-body or tail-body combination may be estimated fairly well if 
the components are assumed to act separately. A comparison of the exper- 
imental interference results with those calculated by the methods of the 
present investigation shows that the trend of these interference factors 
with angle of attack is correctly predicted, and thus it appears that 
these methods provide a useful means of estimating the lift and moment 
interference characteristics of a wing- or tail-body combination at large 
angles of attack. 

On the basis of an examination and comparison of the variation of 
lift with angle of attack for the combinations and isolated components, 
it is believed that the reduction in the favorable lift interference 
between the wing or tail and body with increasing angle of attack 
(figs. l4 and 15 ) is caused primarily by two effects: (l) a decrease in 

the favorable interference effect of the body on the exposed wing or tail 
and (2) the elimination or reduction of the viscous cross force on portions 
of the body due to addition of the wing or tail surfaces. The first effect 
arises from the fact that the wing in the presence of the body is oper- 
ating at a larger effective angle of attack (due to the forebody upwash 
field) than is the isolated wing at the same geometric angle of attack, 
and that the lift effectiveness Cl/<x of the wing or tail (fig. 9( a )) 
decreases with angle of attack. Therefore, the ratio of the lift-curve 
slope of the wing or tail in the presence of the body to that of the 
isolated wing or tail decreases with increasing angle of attack. The 
second effect consists of the elimination of the viscous cross force on 
the portions of the body to which the wing or tail surfaces are added 
and also the reduction in the cross force on the afterbody due to the 
wing downwash field. This effect causes a decrease in the lift inter- 
ference with increasing angle of attack because of the fact that the 
viscous cross force is approximately proportional to the square of the 
angle of attack, whereas the cross force of the winged portion of the 
body is directly proportional to the angle. It is estimated that the 
lift-interference characteristics of the body-wing combination (fig. l4) 
are caused by both of these effects; whereas those of the body-tail com- 
bination (fig. 15 ) are caused primarily by the first effect, as the 
influence of the body upwash field on the tail surfaces is large and the 
crossflow blanketed area is small. The reduction in the difference 
between the center of pressure of the body and wing or body and tail in 
combination and that of the components acting separately as the angle of 
attack is increased (figs. l4 and 15 ) is also the result of these two 
effects just discussed. It is estimated that the second effect predomi- 
nates for the body-wing combination, as the wing center of pressure is 
assumed to be unaffected by the forebody upwash field in the calculated 
results. For the body-tail combination, both effects are important. 

Wing-tail interference .- An estimation of the contribution of the 
interference between the wing induced flow and the tail surfaces in the 
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presence of an intervening body to the total aerodynamic forces and 
moments of a body-wing-tail combination can be obtained from the pitching- 
moment characteristics of the body alone and in various combinations with 
the wings and tail surfaces . Such a wing-tail interference factor is 
presented in figure 1 6 for both wing-tail orientations as a function of 
angle of attack. This factor , which is the ratio of the contribution of 
the tail surfaces to the pitching moment with the wings present to the 
contribution with the wings removed, represents primarily the effective- 
downwash parameter 1 - 4-, where e is an average downwash angle of the 
flow at the tail surfaces due to the wing. A value of zero for the inter- 
ference factor corresponds to a complete cancellation of the tail load by 
the wing wake (e = a) and a value of one corresponds to no wing-tail inter 
ference (e = 0). The variations shown in figure l6 can be explained on 
a qualitative basis by a consideration of the distance of the wing 
trailing vortex wake normal to the tail surfaces. From vapor-screen 
photographs similar to those presented in figure 17 , the measurements of 
these distances have been made, and it was found that the vortex wake from 
each wing trails downstream in approximately a horizontal streamwise plane 
It is expected that the -downwash at the tail and thus the wing-tail inter- 
ference would be large at angles of attack where the wing wake is close 
to the tail surfaces and smaller at angles where the wake is farther away. 
Thus, for the inline configuration the interference is large at small 
angles of attack since the trailing vortex wake from each wing panel is 
close to the corresponding tail surface for any angle of roll. For a roll 
angle of 0° the interference decreases with increasing angle of attack as 
the wing wake becomes progressively farther away from the tail surfaces. 
For a roll angle of 45°, it is noted that the interference decreases as 
the angle is increased to about l6°, above which the interference 
increases. This latter effect is due to the influence of the vortex wake 
from the lower wing panels on the lift of the upper tail panels . With 
the wing and tail interdigitated, an increase in the wing-tail interfer- 
ence is noted in the angle-of -attack range of about 6° to l6°, especially 
for the rolled case. This effect is caused by the passage of the vortex 
wake from one pair of wing panels over one pair of tail surfaces in this 
region for both roll angles. 

Figure l6 shows that the trend in the wing-tail interference factor 
with angle of attack is approximately predicted by the calculated results 
but that the magnitude of this factor is underestimated in most cases, 
particularly for the unrolled configuration. These differences are 
caused by the approximations and simplifying assumptions in the theoret- 
ical method which have been previously discussed in relation to the 
characteristics of the body-wing-tail combination. 
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CONCLUSIONS 


The longitudinal aerodynamic characteristics (lift, pitching moment, 
and drag) of a missile configuration having a cruciform triangular wing 
and tail of aspect ratio 4 were investigated experimentally at a Mach 
number of 1.99 over a wide angle-of -attack range to determine the effects 
of roll angle, wing-tail interdigitation, wing deflection, and interfer- 
ence among the components. The experimental results for the components 
and combinations were compared with values calculated from available 
theoretical methods modified to account for high angle -of -attack effects. 

On the basis of this investigation, the following principal conclusions 
have been drawn: 

1. The lift and drag characteristics of the configuration and its 
components were independent of roll angle and of wing-tail orientation, 
and the lift characteristics over the angle-of -attack range were satis- 
factorily predicted by a modified linear theory. 

2. At large angles of attack (above 10°), an angle of roll caused 

a forward shift in the center of pressure which was of the same magnitude 
for the body -wing and body-wing-tail combinations. This effect, which is 
believed to be caused by the influence of the wing downwash field on the 
afterbody loading, cannot be treated adequately by existing theory, and 
further research is needed before the pitching-moment characteristics can 
be predicted at high angles of attack. 

3. The favorable lift-interference effect and the rearward shift in 
center of pressure due to combining the body with either the exposed wing 
or tail surfaces were reduced to essentially zero at zero roll as the 
angle of attack was increased from zero to large values. Thus, at large 
angles of attack, the lift of a combination is equal to the sum of the 
lifts on its components and the center of pressure is located at the 
position for the components acting separately. 

4 . The effect of wing-tail interference, which influenced primarily 
the pitching-moment characteristics, is dependent on the distance between 
the wing trailing vortex wake and the tail surfaces and thus was a function 
of angle of attack, angle of roll, and wing-tail interdigitation. Although 
the inline configuration at zero roll exhibited the least center-of- 
pressure travel, the interdigitated configuration had the least change in 
wing-tail interference over the angle -of -attack range. 
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5 . The lift effectiveness of the variable-incidence wing 
was reduced by more than JO percent due to an increase in the combined 
angle of attack and wing incidence from 0° to 4o°. Wing -tail interfer- 
ence was essentially independent of wing incidence apparently as a result 
of low loading on the wing near the body. 


Ames Aeronautical Laboratory 

National Advisory Committee 
Moffett Field, Calif., 


for Aeronautics 
Aug. 27, 195^ 
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APPENDIX 

THEORETICAL METHODS 


The application and extension of existing theories used to predict 
the experimental lift and moment results for the configuration and its 
components, the assumptions and limitations of these methods, and the 
need for further theoretical development are described in the following 
paragraphs. The methods used for the isolated components are considered 
first, as they serve as a basis for those used for the combinations. 


Body 


The method used for predicting the lift and moment characteristics 
of the isolated body follows that developed in reference 4 wherein the 
local cross force was considered to be composed of the sum of the force 
due to potential crossflow and that due to viscous crossflow. The 
potential cross force was calculated by means of linear theory (ref. 14) 
instead of slender-body theory, as used in reference 4 , because the nose 
portion of the body was not slender. The viscous cross force was calcu- 
lated from the relationship given in reference 4 in which the crossflow 
drag coefficient is assumed to be constant along the length of the body 
'for a given angle of attack. In references 5> 6, and 12 this assumption 
is shown to be inaccurate, as it is demonstrated that the development of 
crossflow along a body is similar to that for a circular cylinder impul- 
sively started from rest. As a result of assuming a constant drag along 
the body, the predicted center-of-pressure location was found to be for- 
ward of the experimental location. However, no analytical method has been 
firmly established for predicting the variation in crossflow drag coeffi- 
cient along a body, and thus a constant value was used in the present 
calculations. The variation in this drag coefficient (based on the normal 
component of the dynamic pressure and on the body diameter) with angle of 
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attack, which is due to crossflow Mach number effects, used in the 
present calculations was obtained from experimental measurements for 
bodies and two-dimensional cylinders and is presented in sketch (b). 



a, deg 

Sketch (b) 


Wing and Tail 


The variations of lift and moment of the wing and tail with angle 
of attack were calculated from the results of linearized wing theory 
modified as follows so as to be consistent with certain high angle-of- 
attack characteristics. The linearized supersonic wing theory, which is 
based on assumptions satisfied only at small angles of attack, gives the 
result that the lift coefficient of a thin wing is directly proportional 
to the angle of attack; that is, 

CL = CLoO, (Al) 

where C]^ is a function of only the plan form and the Mach number. 

This result has been used extensively in the successful prediction of the 
lift of wings at small and moderate angles of attack; at larger angles 
the lift is overestimated. The experimental results of reference 3 show 
that the lift coefficient reaches a maximum value at angles of attack 
near , and it is obvious that the lift would decline to zero as the 
angle is further increased to 90° • Thus it appears that a relationship 
satisfying these characteristics at high angles of attack and also 
equation (Al) at small angles might prove useful in predicting the lift 
of wings up to angles of attack beyond the linear range. Such a relation- 
ship is obtained by a simple trigonometric modification of equation (Al) to 


Cl = CLx sin a cos a 


(A2) 



20 


f <l tffTFTTH l iTTI l I i"i r,. ^ 


MCA EM A5^H27 


For the wing and. tail of the present investigation, 

Cl « “,/Sjbr = 2-33 per radlan 

(ref. 15); and thus the lift coefficient of the wing and tail based on 
its plan-form area is given by the expression 

Cp = 2.33 sin Q- cos a- (A3) 

The center of pressure is located at the centroid of area at small 
angles of attack, according to linear theory and also at an angle of 
attack of 90 ° , according to impact theory. Thus, it is assumed that the 
center of pressure remains at this location throughout the angle -of -attack 
range. The resulting expression for the pitching -moment coefficient then 
is given by the expression 

C m = -2.33 ^ sin a (a4) 

since the pitching moment is equal to the product of the center-of- 
pressure position x and the normal force. 


Body-Wing and Body-Tail Combinations 


The lift and pitching moments on the body-wing and body-tail com- 
binations were taken as the algebraic sum of those on the forebody, on 
the wing and winged portion of the body, and on the afterbody (behind 
the wing). The lift and moment on the forebody were calculated by the 
method described previously for the isolated body. The characteristics 
for the winged portion of the body were computed essentially by the 
results developed in reference 13 and extended to variable wing incidence 
in references 1 6 and 17- These results were modified to include the high 
angle-of -attack relationships for the wing and tail surfaces described 
previously. The resulting relationships for the lift and moment on the 
winged portion of the body are 

kn a + kp b . . . , . 

C L = — + - 6 Cl^ sin(a + 5)cos(a + 5) (A5) 


Cm 


k 3 a + k 4 5 
a + 6 


Ci^ sin(a + 5) 


(a6) 
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where 


k i = %(B) + K B (w) 



k 2 = k w(B) + k B(W) 

lM - 2w(B) 


*M “ 2B(W) 

k 3 ~ %(B) 1r 

+ k b(w) 


Z M " 2W(B) 


- lB(W) 

k 4 - k W(B) lR 

+ k B(W) 

2r 


and the K and k factors are the interference factors due to angle of 
attack a and wing deflection 5, respectively, and the l quantities 
are the longitudinal distances used in reference 1. 

The lift and moment characteristics contributed by the afterbody of 
the body-wing combination were calculated from the loading due to the net 
crossflow as influenced by the wing downwash field. This loading on the 
afterbody is given by the expression 

| = (a - £) 2 (A7) 

where the first term represents the potential cross force according to 
slender-body theory and the second term represents the viscous cross 
force according to reference 4 and where e is the downwash angle at the 
location of the body axis, r is the body radius, and cd c is the cross - 
flow drag coefficient. The trailing vortex wake from each wing panel was 
replaced by a single line vortex trailing streamwise from which the down- 
wash angle was determined. The crossflow drag coefficient was taken from 
the curve shown in sketch (b) (p. 19) as a function of the effective 
angle of attack a - e instead of the body angle of attack a. 


Body-Wing-Tail Combination 


The lift and moment characteristics of the complete configuration 
were calculated in the same manner as those for the combinations just 
described, with the addition of the effects of wing-tail interference. 
The method used in determining these interference effects follows that 
presented in reference 1 wherein the trailing vortex wake from each wing 
panel is replaced by a single line vortex trailing streamwise and the 
resulting influence on the lift of each tail surface is evaluated. For 
the lower angle -of -attack range (0° to l6°), these vortices were assumed 
to originate at the spanwise location given by linear wing theory and. 
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for the higher range (12° to 28 °), the vortices were assumed, to originate 
at the midspan position of the exposed-wing-panel trailing edge. Actually, 
of course, a gradual change from the low angle-of -attach lateral vortex 
position to the high angle position would be expected to take place, but 
no method is available for the prediction of this change with angle of 
attack. Certain adaptations and assumptions were required, however, in 
applying the method to wing and tail roll angles of other than 0°. It 
was assumed that for the model at a roll angle of 4-5° the line vortices 
from all foUr wing surfaces were of equal strength, a result predicted 
by linear theory for cruciform wings. 
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Body 

Fineness ratio 9-33 

Frontal area, sq in 0-995 

Transverse (plan-form) area, sq in lO.i+7 

Volume, cuin 8.83 

Exposed wing panels 

Plan-form area (per pair), sq in 5-06 

Mean aerodynamic chord, in 1-50 

Aspect ratio 4 

Maximum thickness 0.08c 

Position of maximum thickness 0-5c 

Exposed tail panels 

Plan-form area (per pair), sq in I .56 

Mean aerodynamic chord, in O .833 

Aspect ratio 4 

Maximum thickness 0.08c 

Position of maximum thickness O.'oc 
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TABLE II.- SUMMARY OF RESULTS 

(a) Characteristics with fixed controls,, 6=0° 


Config- 

uration 

(i) 

% 

deg 

cl 

a 

Cjn 

"a" 

X 

l 

L 

D 

a-opti 

deg 

a ->0° 
per deg 

a = 26 ° 
per deg 

a ->0° 
per deg 

a = 26 ° 
per deg 

a -i>0° 

a = 26° 

Maximum 
a = Q-opt 

a = 26 ° 

B 

0 

0.046 

(.043) 

0.137 

(.145) 

0.0150 

(. 0155 ) 

0.0023 

( .0084) 

-0.33 

(-.36) 

- 0.018 

(-. 054 ) 

2.55 

1.82 

14.3 

w H 

0 

.221 

(. 208 ) 

.173 

(.180) 

.0015 

( 0 ) 

.0006 

( 0 ) 

-.007 

( 0 ) 

-.004 

( 0 ) 

5.50 

1.95 

5.2 

t h 

0 

.0683 

(.0640) 

.0538 
( .0560) 

-.0306 

(-. 0288 ) 

-.0272 

(-. 0279 ) 

.447 

(.451) 

.450 

(.451) 

5.50 

1.95 

5.2 

BT 

0 

-135 

(-131) 

.189 

(.205) 

-.0273 

(-. 0239 ) 

-.0223 

(-.0220) 

.202 
( *183) 

.104 

(.097) 

2.90 

1.82 

10.4 

22.5 

.135 

(.131) 

.189 
( .205) 

-.0273 

(-. 0239 ) 

-.0234 

(-. 0220 ) 

.202 

(. 183 ) 

.109 

(.097) 

2.90 

1.82 

10.4 

1*5 

.135 

(.131) 

.189 

(.205) 

-.0273 

(-.0239) 

-.0236 

(-. 0220 ) 

.202 

(.183) 

.110 

(- 097 ) 

2.90 

1.82 

10.4 

BW 

0 

• 34? 
(.334) 

.326 

(.348) 

.0104 
( .0110) 

.0047 

(.0104) 

-.0298 

(-. 0329 ) 

-.003 

(-. 026 ) 

3.51 

1.83 

7.6 

22.5 

.347 

(.334) 

.326 

(.347) 

.0104 
( .0110) 

.0011 
( . 0107 ) 

-.0298 

(-. 0329 ) 

-.012 

(-. 026 ) 

3.51 

1.83 

7.6 

1*5 

.347 

(.334) 

.326 

(.346) 

.0104 

(.0110) 

.0110 

(.0110) 

-.0298 

(-. 0329 ) 

-.030 

(-. 027 ) 

3.51 

1.83 

7.6 

BWT + 

0 

• 413 
(.382) 

.367 

(.396) 

-.0205 

(-. 0103 ) 

-.0235 

(-.0148) 

.0497 

(.0269) 

.056 

(. 034 ) 

3.51 

1.80 

7.6 

22.5 

.415 

.365 

-.0187 

-.0178 

.0450 

.041 

3.51 

1.80 

7.6 

45 

.417 

(-394) 

-358 

(.398) 

-.0180 

(-. 0155 ) 

-.0078 

(-. 0115 ) 

.0432 

(.0395) 

.020 

(. 026 ) 

3.51 

1.80 

7.6 

BWT* 

0 

.425 

(.394) 

.361 

(-390) 

-.0280 

(-. 0155 ) 

-.0221 

(-.0110) 

.0659 

(.0395) 

.054 

(. 026 ) 

3.54 

1.8l 

7.6 

22.5 

.430 

.358 

-.0270 

-.0136 

.0628 

.034 

3.54 

1.81 

7.6 

U-5 

.437 

(.402) 

• 350 
(.388) 

-.0260 

(-. 0194 ) 

-.0060 

(-. 0119 ) 

-0595 

(.0482) 

.015 
( . 028 ) 

3.54 

1.81 

7.6 


(b) Control characteristics, q> = 0° 



ac l 

S 

ACm 

5 

Config- 

8->0° 

5 = 

16 ° 

s-*o° 

6 = 

16 ° 

uration 

( 1 ) 

a = 0 Q 

per deg 

a = 26° 
per deg 

a = 0° 
per deg 

a = 26 ° 
per deg 

a = 0° 
per deg 

a - 26 ° 
per deg 

a = 0° 
per deg 

a = 26 ° 
per deg 

W H 

0.221 
( . 208 ) 

0.100 

(. 128 ) 

0.198 

(. 197 ) 

( 0 . 075 ) 

0.0015 

(0) 

0 

( 0 ) 

0.0005 

( 0 ) 

"(of 

BW 

.218 

(. 238 ) 

.092 

(.059) 

.195 

(. 223 ) 

.059 

(.043) 

-.0043 

(-. 0026 ) 

0 

(.0105) 

-.0030 

(-.0014) 

0 

(. 0066 ) 

BWT + 

.200 

(.207) 

.095 

(. 075 ) 

.184 

(. 163 ) 

.064 

(.044) 

0 

.0015 

0 

.0050 

BWT* 

.200 
( . 216 ) 

.095 

(. 070 ) 

.190 

(.199) 

.058 

(.044) 

-.0030 

.0010 

-.0028 

.0025 


Configuration designations: 



B 

W H 

TH 

BT 

BW 

BWT + 

BWT X 


Body 

Horizontal wing (exposed surfaces joined together) 

Horizontal tail (exposed surfaces joined together) 

Body-tail combination 
Body-wing combination 

Body-wing-tail combination with wing and tail in line 
Body-wing-tail combination with wing and tail interdigitated 


Note : The values presented within parentheses are calculated results corresponding 

to the experimental results directly above. 
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Typical airfoil section 
all surfaces 




A-15386 


(b) View of model in wind tunnel. 


Figure 2.- Model. 
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Figure 3-“ Strain-gage balance system. 
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(a) Lift and moment characteristics. 


Figure 4 .- Longitudinal characteristics of the body-wing-tail combination; 6 = 0°. 
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(b) Drag characteristics 


Figure 4.- Concluded. 
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(a) Lift and moment characteristics. 


Figure 6.- Wing control characteristics of the body-wing-tail combination; cp = 0°» 
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(b ) Drag characteristics. 
Figure 6.- Concluded. 
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Figure 8.- Longitudinal characteristics of the body. 
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Figure 9 .- Concluded. 



(a) Lift and moment characteristics. 

Figure 10.- Longitudinal characteristics of the body-wing combination; 
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(a) Lift and moment characteristics. 


Figure 11.- Longitudinal characteristics of the body-tail combination. 
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Figure 11.- Concluded 
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Figure 12.- Concluded. 
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Figure 14. - Lift and. moment interference characteristics of the body- 
wing combination; 6 = 0°, cp = 0°. 
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Figure l6.- Wing-tail interference characteristics 


of the body-wing-tail combination; 5=0° 





Figure 17.- Vapor-screen photographs of the vortex wake at tail location of the body-wing 

combination; a = 27.8°, S = 0°. 
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